Highlights d Nanobody technology and the MS2 system can be used to alter mRNA localization d miranda mRNA localizes in two distinct pools in Drosophila neuroblasts in mitosis d Asymmetric Miranda localization requires an mRNAdependent maintenance step SUMMARY How cells position their proteins is a key problem in cell biology. Targeting mRNAs to distinct regions of the cytoplasm contributes to protein localization by providing local control over translation. Here, we reveal that an interdependence of a protein and cognate mRNA maintains asymmetric protein distribution in mitotic Drosophila neural stem cells. We tagged endogenous mRNA or protein products of the gene miranda that is required for fate determination with GFP. We find that the mRNA localizes like the protein it encodes in a basal crescent in mitosis. We then used GFP-specific nanobodies fused to localization domains to alter the subcellular distribution of the GFP-tagged mRNA or protein. Altering the localization of the mRNA resulted in mislocalization of the protein and vice versa. Protein localization defects caused by mislocalization of the cognate mRNA were rescued by introducing untagged mRNA coding for mutant non-localizable protein. Therefore, by combining the MS2 system and subcellular nanobody expression, we uncovered that maintenance of Mira asymmetric localization requires interaction with the cognate mRNA.
In Brief
Ramat et al. combine the MS2 system and nanobody expression to alter the subcellular localization of mRNA. Shifting basally localized miranda mRNA in Drosophila neuroblasts to the apical pole resulted in Miranda protein localization defects. Miranda protein and cognate mRNA interaction positively feeds back on asymmetric Miranda localization.
INTRODUCTION
A key problem for cells is to position their protein content correctly to ensure function in the right place. Positioning of proteins is complex, and it has become clear that one important element in this process is mRNA localization [1] [2] [3] . This raises the question how a given transcript governs the distribution of its protein product [4] .
Genome-wide studies in Drosophila embryos revealed that transcript distribution frequently predetermined localization of the encoded proteins [5] . Moreover, the translation of mRNAs during transport to specific subcellular compartments is frequently repressed, which is lifted at the final destination [6, 7] . Therefore, mRNA localization and local control of translation are important factors influencing protein distribution.
However, the role of mRNAs is not limited to being the source of protein production. An emerging body of evidence suggests that coding mRNAs can have independent functions [8] . In zebrafish, Squint (Sqt), a Nodal-related signaling molecule belonging to the transforming growth factor b (TGF-b) superfamily, is involved in mesoderm induction and left-right axis specification. In addition, sqt mRNA can function in dorsal ventral axis specification [9] . During Xenopus development, vegT mRNA localizes to the vegetal cortex of the oocyte and seems to play a scaffolding role because oocytes depleted of VegT mRNA have a disorganized cytokeratin structure [10, 11] . Furthermore, during Drosophila oogenesis, the 3 0 UTR of oskar (osk), a gene required for abdomen and germ cell formation [12] , has a non-coding function that provides a scaffold to assemble ribonucleoprotein (RNP) complexes required for oocyte development [13] . Thus, mRNAs can provide essential non-coding functions that are linked to cell polarization and important for development.
Here, we address how mRNAs contribute to protein distribution in the context of asymmetrically dividing Drosophila neuroblasts (NBs). In these cells, fate determination depends on differential protein distribution at the cortex along the apico basal axis in preparation for division [14, 15] . At the apical pole, the Par complex, including aPKC, Par6, and Par3/Bazooka, assembles [16] [17] [18] [19] . This drives the basal localization of two adaptor proteins: Miranda (Mira) and Partner of Numb (Pon). This is important for basal localization and segregation of fate determinants, including Prospero and Numb to daughter cells, that are called ganglion mother cells (GMCs) [20] [21] [22] [23] . Whereas it has become clear that posttranslational modification of Mira is important to initiate its restricted localization basally [24, 25] , how Mira localization is maintained through mitosis is unclear.
Intriguingly, many transcripts encoding for the molecular machinery behind NB asymmetry, including those of mira, show polarized distribution [5, [26] [27] [28] [29] [30] [31] [32] . The contribution of mRNA localization to NB polarity has only been marginally addressed. Mutation in egalitarian (egl; coding for a protein required for mRNA localization [33] ) resulted in insc mRNA mislocalization in embryonic NBs, and insc mRNA doses were further found to be critical for correct execution of NBs division [27] . Loss of another RNA-binding protein Staufen (Stau) [34] was shown to affect pros mRNA localization [35] , a condition that did not bring about any immediate defects, but when pros gene doses were simultaneously reduced led to problems in cell fate specification [36] . However, Egl and Stau are able to bind to several mRNAs [37, 38] , limiting the use of mutation in these genes to address the role of the localization of transcripts from individual genes. mira mRNA has been reported to localize apically in mitotic NBs, whereas Mira protein forms basal crescents in mitosis [26, 30] . Mutation in mira leads to cell fate transformation [39] , which can trigger tumor-like growth of larval brains [40] . We therefore decided to address whether and how the localization of mira mRNA contributes to asymmetric Mira localization in mitosis.
We applied a variation of an approach used in cell culture cells to directly manipulate the localization of mRNA from a single gene [41] . Using genetically encoded tools, we were able to manipulate the subcellular localization of mRNA in NBs within the developing nervous system of Drosophila. We tagged endogenous mira mRNA with GFP using the MS2 system [42] . We then used nanobodies directed against GFP (hereafter GFP binding protein [GBP]), which, when fused to subcellular localization domains, can mislocalize GFP-tagged proteins [43] . We show that this can effectively redirect GFP-tagged mRNA in NBs using single-molecule fluorescent in situ hybridization (smFISH) [44] and use this to study mira mRNA localization in NBs.
RESULTS

mira mRNA Localizes to the Apical Spindle Pole and in a Basal Crescent in Mitotic Neuroblasts
To address the role of mira mRNA localization, we developed methods to visualize it in living and fixed Drosophila larval brain NBs. Using gene editing, we generated an mRNA null mutant for mira by replacing part of its 5 0 UTR and part of the first exon with an attP site. Animals homozygous for this allele (mira KO ) die as embryos, as described for mira loss-of-function alleles [20] . Inserting the wild-type sequence into the attP site (mira WT-rescue ) fully rescues (not shown) lethality of mira KO .
From this line, we derived various mira alleles by site-directed transgenesis [45] (see Figure S1 ). We further made a bacterial artificial chromosome (BAC) rescue construct for Mira, in which the protein was tagged with mCherry and the mRNA with MS2 stem loops in the 3 0 UTR.
In living whole-mount brains, we detected MCP::GFP apically enriched when mira mRNA carries MS2 stem loops ($42% of NBs; n = 92), but not in controls (MCP::GFP carries a nuclear localization signal; Ctrl: Movie S1; no obvious GFP patterns; n = 23). In mitosis, GFP signal is readily detectable on the apical poles of spindles (Movie S2). In mitotic NBs in primary cell culture, where we can better select for NBs with lower MCP::GFP expression, GFP spots appear in a basal crescent that segregates to daughter cells ( Figure 1A and related Movie S3; n = 15). Therefore, mira mRNA appears to localize in at least two different pools in living mitotic NBs.
To confirm that the GFP patterns correspond to mira mRNA, we used mira smFISH on fixed samples. These probes were specific because their signal dropped to background levels in clones for mira KO (n = 5; Figure 1B ). In control w 1118 NBs in whole-mount brains, mira mRNA was apically enriched at the cortex in interphase. In mitosis, mira mRNA was found on the apical spindle pole and in a basal crescent in mitosis ( Figure 1C ). Similar localization patterns were observed in NBs in primary cell culture detecting mira mRNA using MCP::GFP ( Figure 1D ) and smFISH ( Figure 1E ). Therefore, GFP-tagged mira mRNA and mira smFISH reveal similar distribution throughout the NB cell cycle in whole-mount brains and primary culture. We conclude that MS2-tagged mira faithfully reports mira mRNA localization and that at least two pools of localized mira mRNA can be distinguished in mitotic NBs ( Figure 1F ): mira mRNA localizes apically as previously described [26, 30] . Additionally, mira mRNA localizes in a basal crescent that segregates to daughter cells during NB division.
mira mRNA Localization to the Apical Spindle Pole and to the Basal Cortex Is Differently Controlled The identification of two pools of localized mira mRNA prompted us to address whether their localization mechanisms were the same. We therefore analyzed egl mutants, a gene involved in mRNA localization in Drosophila [33, 37] and stau mutants, because Stau is required for the basal localization of pros mRNA localization in NBs [35] . Given the localization around the apical spindle pole, we also tested whether microtubules were required for mira mRNA localization and whether preventing microtubule nucleation from the interphase centrosome by knocking down Centrobin (Cnb) [46] had any consequences for mira mRNA localization.
We find that egl is not essential for mira mRNA localization in NBs, as both pools remain detectable (Figures 2A and S2A ). In contrast, removing Stau or knocking down Cnb appears to reduce mira mRNA localization to the apical spindle pole, but mira basal crescents remain unaffected (Figure 2A ). Furthermore, mira mRNA localization to the apical spindle pole is highly sensitive to colcemid, whereas basal crescents are not (Figure 2A) . Intriguingly, GFP-tagged mira redistributes to the basal NB pole upon microtubule depolymerization in living mitotic NBs in primary cell culture (Movie S4). Therefore, mira mRNA on the apical spindle pole is sensitive to loss of Stau, reduced Cnb levels, and microtubule depolymerization, whereas basal mira crescents are not. Thus, depending on where it localizes, mira mRNA might be differently controlled.
mira mRNA and Protein Localization Is Spatially Correlated Because NBs mutant for stau or expressing cnb RNAi disrupt mira localization on the apical spindle pole but do not have problems in terms of NB cortical polarity establishment [30, 46] , we focused on mira mRNA localized in the basal crescent. We observed that Miranda protein and mRNA localization overlap at the basal pole ( Figure 2B ). Because, upon microtubule depolymerization, mira mRNA appears to relocate to the basal pole in mitotic NBs (Movie S4), mira mRNA appears to be attracted to localized Mira. We asked next whether mira mRNA localization always follows that of Mira protein.
We applied an approach used to alter the subcellular localization of GFP-tagged proteins involving GFP binding protein (GBP) fused to apically localized Bazooka (GBP::Baz) [43] . We generated homozygous Mira::GFP flies in which mira mRNA localizes in the two pools in NBs, as observed in w 1118 in NBs ( Figure S2B ; n = 11 metaphase NBs from three optic lobes brains). In contrast, when we co-expressed GBP::Baz, defects in brain morphology are induced that are likely to reflect consequences of altered Mira segregation. Indeed, Mira::GFP is ectopically recruited to the apical pole of mitotic NBs, but mira mRNA is mostly Labels are as indicated. GFP spots are at the apical centrosome (arrow) and at the basal cortex (arrowheads), which are inherited by the GMC (t 3 , arrowheads). (B) mira smFISH on whole-mount brains harboring mira KO homozygous mutant MARCM clones (GFP + ). Dotted lines outline clones (arrow, mira smFISH signal in neighboring control cells). (C) mira smFISH on a w 1118 brain. NBs at the indicated cell-cycle stages are shown. Arrowheads, basal mira mRNA crescents and mira segregating to GMCs; arrows, apically localized mira mRNA; dotted blue lines, NB outline at telophase. (D) GFP-tagged mira mRNA (wor-Gal4, UAS-MCP::GFP; mira::mCherry-(MS2)) in NBs in culture. The cell-cycle stage is indicated. Arrowheads, basal mira mRNA crescents; arrows, apical mira mRNA; asterisk, nucleolar MCP::GFP signal. (E) mira smFISH on NBs in culture. Arrowheads, basal mira mRNA crescents; arrows, apical mira mRNA. (F) Illustration of mira mRNA (blue dots) localization in NBs in interphase and mitosis. See also Figure S1 . Scale bars indicate 10 mm. cytoplasmic ( Figure S2B ; $80%; n = 20 metaphase NBs from four optic lobes). Therefore, mira mRNA localization is lost when Mira is force localized apically.
Force-localizing Mira by GBP::Baz might result, however, in abnormal NBs or alter the ability of Mira protein to interact with binding partners. We therefore sought to mislocalize Mira protein by other means. Correct Mira localization requires several factors, including an intact actin network [47] and the activity of aPKC [18] . Intriguingly, in mitotic NBs, Mira protein and mRNA are cytoplasmic upon actin network disruption or enriched on the entire NB cortex upon aPKC inhibition by Lgl3A overexpression [48] ( Figures 2C and 2D ). We also tested whether removing an important localization domain (BH motif) [24, 49] from Mira affects mira mRNA localization. We find that, when deleting the BH motif within Mira, Mira protein and mRNA become cytoplasmic in mitosis and both decorate specifically cortical microtubules in interphase (Figures 2C and 2D; see Movie S5). Thus, the localization of the mRNA follows the altered localization of the protein.
Finally, we tested whether mira mRNA localizes normally when it codes for an aberrant protein, unable to localize. To this end, we analyzed mira mRNA localization in mira L44 homozygous mutant NB clones. In these mutants, mRNA is produced, but due to a frameshift mutation, an altered protein results that is unable to localize [50] . In homozygous mutant mira L44 NB clones, the mira mRNA is diffusely localized (n = 23; Figure 2E ). Therefore, mira mRNA localization appears to be determined by Mira protein.
Expression of GFP-Binding Protein Fused to a Subcellular Localization Domain in Neuroblasts Efficiently Redirects GFP-Tagged mRNA
The finding that the mRNA follows the localization of the protein could indicate that the mRNA plays a role in localizing the protein. To test this, we sought to mislocalize the mRNA and measure the effects on Mira protein localization in NBs by combining the MS2 and GBP approaches.
We first assayed whether a GFP-tagged but unrelated mRNA with a diffuse localization pattern can be induced to localize apically ( Figure 3A ). To this end, we generated animals that express mcherry-(MS2) mRNA from the mira locus (see Figure S1 ).
In NBs that express MCP::GFP, mcherry-MS2 mRNA, but not GBP::Baz, mcherry mRNA, is diffusely localized in mitosis ( Figure 3B ). Strikingly, in the presence of GBP::Baz, mcherry mRNA is induced to co-localize with GFP. This appears to be the apical pole because it opposes basal Mira protein crescents (100%; n = 17; Figures 3B and 3C ).
In this condition, mCherry protein remains detectable in the cytoplasm but never formed apical crescents (0/51 NBs; Figure 3B ). Importantly, NB polarity as measured by aPKC, Mira, and Numb antibody staining is unaffected ( Figures 3B and 3C) .
Thus, combining the MS2 system to tag mRNA with GFP and subcellular GBP expression can be used to ectopically position mRNA without perturbing NB cortical polarity.
Tethering mira mRNA at the Apical Cortex of Mitotic Neuroblasts Affects Basal Mira Protein Localization We next applied this technique to NBs in which GFP-tagged mira transcripts are the only source of mira mRNA. In the absence of GBP, GFP-tagged mira mRNA localizes in the two pools and cortical polarity is unaffected ( Figures 4A-4C and S3A ). We first tested the effect of using GBP fused to the localization domain of PON to target MCP::GFP to the basal pole [43] . MCP::GFP now forms a basal crescent opposite to the mRNA pool on the apical spindle pole, but this has no apparent effect on mira mRNA localization, NB polarity, or Mira protein localization ( Figures 4A-4C and S3A).
In contrast, in the presence of GBP::Baz, to mislocalize the mRNA to the apical NB pole, GFP forms apical crescents and so does mira mRNA, which largely depletes it from the basal pole of mitotic NBs. Whereas aPKC and Numb localization is similar to the control, Mira protein is unable to form a basal crescent and becomes mostly cytoplasmic (80% of metaphase NBs; n = 83; Figures 4A-4C and S3 ), which is rescued at telophase (Figure 4C ). Absence of crescents in metaphase is unlikely to be caused by a gross reduction of Mira protein, because Mira levels as determined by western blot appear to be comparable between controls, in the presence of GBP::Pon or GBP::Baz ( Figure 4D ). Furthermore, cytoplasmic Mira levels appear to be elevated when the mRNA is tethered apically ( Figure S3B ). Thus, altering the localization of mira mRNA by GBP::Baz, albeit transiently, specifically affects Mira protein localization, which does not appear to be a consequence of compromised translation.
Basal mira mRNA Maintains Mira Protein Localization in Mitosis
How could basal mira mRNA affect Mira protein localization? The mRNA might serve as a source for local translation. Alternatively, in trans interaction of mira mRNA and Mira protein might stabilize the localization of both at the basal cortex. To distinguish these possibilities, we sought to rescue Mira protein localization by adding mira mRNA lacking MS2 stem loops into the background that caused Mira protein localization defects and tested whether Mira protein localization was rescued. We chose mira mRNA from alleles, coding for protein unable to localize. If mira mRNA served as a local source of translation, Mira protein localization should not be rescued. If mira mRNA and protein crescents were restored, mira mRNA could be required independently of translation.
We tested two mira alleles that fulfill these criteria. We used mira L44 (containing a two-base insertion resulting in a frameshift and the production of an aberrant protein unable to localize [50] ). We further engineered mira STOP by substituting one base to generate an early stop codon. Homozygous mira stop embryos, similar to those homozygous for mira KO , die at the end of embryogenesis. Importantly, mira STOP expresses mRNA at levels comparable to controls. mira STOP carries a hemagglutinin (HA) tag at the C terminus of the Mira coding frame, and HA antibody staining revealed a band of $70 kDa in brain extracts of heterozygous mira STOP animals, likely to reflect a truncated protein initiated from a second ATG (positioned 648 bases downstream, which would have a predicted molecular weight of $66 kDa). The predicted truncated protein would lack the N-terminal region known to be required cortical association of Mira [50] . Consistently, HA staining on heterozygous mira STOP larval brain NBs reveals only diffuse cytoplasmic signal, showing that this truncated protein is unable to localize in basal crescents, even in the presence of wild-type Mira protein ( Figures S3C-S3F) .
Only very few animals transheterozygous for mira-(MS2) and mira KO (the necessary control background for the rescue experiment) progressed to larval stages in the presence of MCP::GFP and GBP::Baz, suggesting that insufficient Mira function remains in these animals. Therefore, we added an additional copy of MS2-tagged mira mRNA using the BAC rescue construct.
Consequently, control animals for this experiment carry two alleles coding for mira mRNA that can be tagged with GFP and the mRNA null allele mira KO . In this background, in the presence of MCP::GFP, mira mRNA localizes normally in metaphase (n = 26 metaphase NBs from eight optic lobes; Figure 5A ). Furthermore, adding GBP::Baz to mislocalize the mRNA apically efficiently redirects the mRNA to the apical pole (n = 44 metaphase NBs from 12 brain lobes; Figure 5A ). As observed before (Figure 4 ), Mira becomes cytoplasmic in metaphase NBs ( Figure 5A ).
We then exchanged mira KO with either mira L44 or mira STOP to provide mira mRNA that cannot be apically tethered and tested whether basal mRNA localization would be restored. To distinguish between GFP-tagged and untagged mRNAs, we simultaneously used smFISH probes for all mira transcripts (mira smFISH, detecting MS2 tagged and untagged mira mRNA) and probes specific for the sequence harboring the MS2 stem loops (ms2 smFISH; see also Figure S4 ). When we introduced mira L44 , as expected, mira smFISH as well as ms2 smFISH reveals strong overlapping signal at similar levels at the apical NB pole co-localizing with GFP ( Figure 5B ). Importantly, basal mRNA crescents become detectable and we detect significant mira smFISH signal, basally revealing individual dots. We also detected ms2 Figure S1 for details). (B) NBs in whole-mount brain preparations. Relevant genetic elements and labels are as indicated. Arrowhead, apically recruited mcherry mRNA and GFP (note the mCherry protein is not recruited apically). Right row: polarity markers are unaffected by tethering mcherry mRNA apically. (C) Left: quantification of the efficiency of mcherry mRNA tethering to the apical pole by GBP::Baz. Right: quantification of the effect of mcherry mRNA apical tethering on cortical polarity markers (unpaired t test). All upstream activating sequence (UAS) constructs were driven by wor-Gal4. See also Figure S1 . Scale bars indicate 10 mm for panels involving mcherry smFISH and 5 mm in panels showing cortical polarity markers. signal basally, albeit in a more diffuse pattern ( Figures 5B and  5C ). Thus, basal mRNA crescents can be restored, and this pool is enriched for mRNA stemming from the mira L44 .
As a consequence of introducing mira L44 or mira STOP , basal Mira protein localization was significantly rescued (Figures 5B  and 5C ). Therefore, it appears that providing mRNA that cannot be mislocalized by GBP contributes to restore basal Mira protein crescents, despite coding for protein unable to localize. These results prompt the possibility that Mira protein and mRNA can interact in trans.
Mira Protein and mRNA Interact
To test in trans interaction more directly, we made use of the observation that Mira forms weak apical crescents when mira mRNA was mislocalized apically (21/30 NBs; Figure 6A , inset). If Mira protein was able to interact in trans with cognate mRNA, tethering GFP-tagged mira mRNA coding for untagged Mira protein apically should recruit Mira::mCherry, produced by mRNA devoid of MS2 stem loops provided by another allele.
Indeed, we were able to detect faint Mira::mCherry crescents apically, whereas mcherry mRNA did not appear to be enriched apically in NBs transheterozygous for mira::mcherry::HA and mira-(MS2) ( Figure 6A ). Therefore, Mira::mCherry can be recruited to mira mRNA encoded by a different allele.
We further tested whether Mira protein and mRNA can be found in a complex. Indeed, Mira::mCherry can co-immunoprecipitate MCP::GFP, depending on MS2 stem loops in the mRNA (Figure 6B ), supporting the notion that Mira mRNA and protein can be found in a complex. These results suggest that normally mira mRNA may contribute to maintain Mira protein basally through in trans interaction, which may be direct or require further factors.
DISCUSSION
In this study, we address how localized mRNA contributes to protein distribution during asymmetric division of Drosophila NBs. We demonstrate that combination of the MS2 system and subcellular nanobody (GBP) expression can be used to redirect mRNA within cells to study the function of mRNA localization (Figure 3 ). Using this approach, we reveal a mechanism that operates in NBs to maintain asymmetric distribution of Mira. In NBs, mira mRNA localizes in two distinguishable pools. It segregates asymmetrically on the mitotic spindle (Figure 1) , the function of which is unclear.
mira mRNA localization in a basal crescent ( Figure 1 ) seems to be functionally important, however, because directing it away from the basal cortex results in Mira localization defects in mitosis (Figure 4) . These defects do not appear to be caused by a gross reduction in protein levels (Figure 4) . Consistently, Mira localization is restored at telophase, suggesting that then Mira levels are normal. Restored Mira asymmetry might be caused by the telophase rescue phenomenon [51, 52] . However, Baz that is apically localized in mitosis also redistributes basally at telophase (M.H. and J.J., unpublished data). Because mislocalization of mira mRNA is induced with a GBP::Baz fusion, the efficiency of mira mRNA removal from the basal cortex might be less efficient as mitosis progresses. mira mRNA is, however, unable to localize in the absence of Mira protein ( Figure 2E ). Thus, rather than positioning the protein, the mRNA functions in maintaining Mira localization. Mira might be stabilized by in trans interaction with the cognate mRNA at the basal pole through positive feedback ( Figure 6C) . A similar mechanism operates also in the Drosophila oocyte, where Oskar protein regulates the localization of the cognate mRNA through positive feedback [53] . This view is supported by our finding that Mira can be ectopically recruited to mRNA provided by a different allele ( Figure 6A ) and that both can be found in a complex ( Figure 6B ). How Mira protein and mRNA interact remains Figure 5A ; arrow, apical Mira protein crescents induced by apically tethering the mRNA by which it is encoded. Top right: strategy used to test whether mira mRNA and protein interact in trans. A NB in a brain transheterozygous for mira-(MS2) and mira::mcherry::HA expressing MCP::GFP and GBP::Baz is shown. Arrows, Mira::mCherry can be detected apically co-localizing with GFP (42% of metaphase NBs; n = 21). mcherry smFISH on whole-mount brains of the same background. Arrowheads, mcherry signal is enriched basally. RNA signal intensities are shown in 3D surface plot. unclear. The mcherry mRNA with diffuse localization (Figure 3 ) contained the fulllength 5 0 and 3 0 UTRs of mira (see Figure S1B) , which are therefore not sufficient to mediate this interaction. Furthermore, the BH motif within Mira seems dispensable for protein and mRNA interaction ( Figure 2C) . Moreover, the interaction might occur directly or involve further binding partners, but Stau seems not to be mediating this because mira mRNA crescents are detectable in stau mutant NBs (Figure 2A ) that do not show Mira localization defects [30] .
We never detected apical mCherry protein crescents when mcherry mRNA was tethered apically ( Figure 3B ), suggesting that mCherry protein rapidly diffuses away from its clustered mRNA. However, this is different for Mira, which can be detected in faint crescents at the apical pole when its mRNA is tethered there ( Figure 6A ). Phosphorylation by aPKC prevents the ability of Mira to be retained at the apical cortex [24] . Therefore, the faint crescents are likely to be a consequence of interaction with the apically tethered cognate mRNA. Apical crescents may then appear weaker as normal basal crescents, because aPKC activity might break the positive feedback apically. Alternatively, GBP-tethered mira mRNA may not be efficiently able to interact with Mira protein.
Our data cannot rule out a contribution of local translation to basal Mira crescents. The mira L44 and mira STOP alleles used are translated. Moreover, we detect also mRNA coding for wild-type Mira protein basally in the rescue experiments ( Figures  5B and 5C ) and the interaction of Mira protein in the biochemical assay ( Figure 6B ) may reflect interaction due to the process of translation. Given that Mira localizes in crescents only for a few minutes in mitosis, it remains unclear whether local translation would be an efficient way to increase Mira protein levels in that time frame, however.
In any case, asymmetric mRNA localization either by serving as a local source of translation or by reinforcing protein localization through in trans interaction of protein and cognate mRNA may contribute to ensure different levels of protein concentration in particular subcellular locations as a means to strengthen cell polarization in general.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Neuroblasts primary culture Brains were dissected in collagenase buffer [800mg NaCl, 200mg KCl, and 5mg NaH2PO4, 100mg NaHCO3 and 100mg D(+)Glucose in 100ml ddH2O] and incubated for 20 min in collagenase (0.2mg/ml, Sigma C0130). Brains were then transferred into a drop of fibrinogen (10mg/ml, Sigma f-3879) dissolved in Schneider's medium (SLS-04-351Q) on a 25mm Glass bottom dish (WPI). Brains were manually dissociated with needles before the fibrinogen was clotted by addition of thrombin (100U/ml, Sigma T7513). Schneider's medium complemented with FCS, Fly serum and Insulin (Sigma I0516) was then added and cells were kept at RT for 1 hr. When mentioned in the text, drugs (DMSO, LatA 5mM and Colcemid 50mM) were dissolved in supplemented Schneider's medium.
METHOD DETAILS
Immunohistochemistry
Brains were dissected in PBS 1X, fixed in 4% Formaldehyde (FA, Sigma F8775) for 20min at RT and washed 3X 10min in PBS-Triton 1% before incubation with primary antibody (overnight, 4 C). Brains were washed 3X 10min in PBS-Triton 1% and incubated for 1 hr
